13. Rancati, G., Pavelka, N., Fleharty, B., Noll, A., Trimble, R., Walton, K., Perera, A., Staehling-Hampton, K., Seidel, C. Flowers with only one sexual function typically result from the developmental suppression of the other. A recent study that shows how this is achieved has important implications for models of the evolution of separate sexes in plants.
Most plants are hermaphroditic, with all individuals possessing both male and female functions [1, 2] . In the majority of these plants, male and female functions occur in the same flower -their flowers are so-called 'perfect'. Many angiosperms, however, have separate male or female flowers, either on the same individual (a state known as 'monoecy', with all individuals functionally hermaphroditic) or on different individuals (known as 'dioecy', with individual flowers being either fully male or female). In these species, unisexual flowers typically result from the suppression or sterilization of one of the two genders, with feminized and masculinized flowers lacking functional stamens and carpels, respectively ( Figure 1) . The extent to which the sterile gender is still represented by rudimentary and non-functional floral parts varies among species [3] . The question of why angiosperms ''should ever have been rendered dioecious'' puzzled Darwin [4] and has attracted a good deal of theoretical and empirical work ever since -what are the advantages of separate sexes, and under what conditions could mutations spread that suppress one or other of the two sexual functions, e.g., [5] [6] [7] ? There appear to be plausible answers to these questions, with substantial empirical support (reviewed in [8] ) supporting well-developed theory (reviewed in [9] ). By contrast, the question of how, from a developmental genetics perspective, plants suppress carpels in some flowers and stamens in others, has remained a frustrated quest (but see [10] ; reviewed in [3] ). In a recent paper published in Science, Boualem et al. [11] describe elegant experiments with melons and cucumbers that reveals, for the first time, a network of genes involved in sex expression in monoecious plants with separate male and female flowers. Excitingly, although evidently not appreciated by the authors, their study also suggests how the full separation of the sexes might evolve along lines not invoked by classic evolutionary genetic models for dioecy in plants [7] , but rather in ways similar to sex determination in well-characterised animals (reviewed in [12] ).
The model for the gender development of flowers proposed by Boualem et al. [11] involves the interactive expression of genes at two different loci, each with direct effects on sex expression in individual flowers (Figure 2 ). The expression of a functional allele at locus WIP1 suppresses carpel development, while that of a functional allele at locus ACS-7 suppresses stamen development. These two loci are thus effectively female-and male-sterility loci, with the functional sterility allele showing dominant expression. Importantly, the two alleles also interact in their expression. Expression of WIP1 not only suppresses carpel development, but also suppresses the expression of ACS-7, so that flowers expressing WIP1 are female-sterile but produce functional stamens (i.e., they are male). Failure to express WIP1 allows carpel development to proceed, simultaneously allowing ACS-7 to suppress stamen development; thus, with WIP1 switched off, flowers are fully female. Consistent with this model, genotypes that are homozygous for non-functional alleles at the ACS-7 locus (i.e., acs-7/acs-7 individuals) will produce male flowers when WIP1 is turned on, but hermaphrodite flowers (with both stamens and carpels) when WIP1 is turned off. Variation in the expression of WIP1 among flowers of such individuals would be 'andromonoecious' (with both male and 'perfect' hermaphrodite flowers on the same plant).
This elegant model immediately prompts the question as to what determines whether WIP1 is turned off or on. In fact, Boualem et al. [11] show that the expression of WIP1 is regulated by an upstream locus, ACS11 -when ACS11 is active, WIP1 is turned off (i.e., ACS11 suppresses the expression of WIP1). But this just passes the buck. In a monoecious population, individuals produce both female and male flowers. In female flowers, ACS11 is turned on, WIP1 is suppressed (thus allowing carpel development), and the non-expression of WIP1 allows ACS-7 expression (thus suppressing stamen development). In male flowers, ASC11 is turned off, thus allowing WIP1 expression, which suppresses both the development of carpels and the expression of ASC-7 (which then allows stamen development). So what decides whether ASC11 is on or off in particular flowers?
The upstream regulation of ASC11 is not known, but it is clear that, for functional monoecy, it must be switched on and off in different parts of the plant, destined to develop its female or male functions, respectively. Boualem et al. [11] note that the expression of ACS11 in cucumber phloem points to ethylene as playing a role in determining the sex of flowers in particular parts of a plant, but the actual proximate signal still needs to be determined. Whatever the answer, it is important to remember that, in monoecious species, the sex is determined not by the segregation of a genetic polymorphism (as in dioecious species), but essentially in response to local cues to differentiating cells, which will differ between primordial destined to become male vs. female [3] (Figure 2) . A transition from monoecy to dioecy thus ultimately requires the evolution of a genetic polymorphism for sex determination, so that some individuals only (or predominantly) produce male flowers and others only (or predominantly) produce female flowers [7] .
The two-locus scheme proposed by Boualem et al. [11] immediately recalls models for the evolution of separate sexes (dioecy) in plants, which invoke the segregation of both male-and female-sterility mutations in populations [7] . Indeed, the authors suggest that their results point to a possible evolutionary route to dioecy, perhaps involving these two loci along lines predicted by theory. But the similarity between the two-locus scheme uncovered by the elegant work of Boualem et al. [11] and theory for the evolution of dioecy [7] is only superficial. Moreover, it may in fact point away from this now classic theoretical model, providing a potential counter example, rather than bolstering the model. Dispatches evolution of dioecy in a number of interesting ways. First, the most likely scenario modelled [7] involves the invasion of a recessive male-sterility mutation rendering the population gynodioecious (females and hermaphrodites in the population), followed by the invasion of one or more female-sterility mutations with dominant expression; this scenario would yield a dioecious population with XY sex determination. Yet both the male-and the female-suppressing alleles revealed in Boualem et al.'s [11] study show dominant expression.
Second, the two-(or, if we include the upstream regulator, the three-) locus network discovered by Boualem et al. [11] quickly collapses to a single-locus model when construed as a segregating polymorphism, as required for dioecy. In a satisfying conclusion to their study, Boualem et al.
[11] crossed female and male lines constructed using a combination of loss-of-function mutations at both the WIP1 locus and the upstream locus ACS11. Specifically, a female, constructed to be homozygous for wip1 and acs11, was crossed with a male, constructed to be homozygous for acs11 but heterozygous for wip1 (i.e., wip1/WIP1). As expected, the progeny segregated for males (genotype wip1/WIP1) and females (genotype wip1/wip1) in a 1:1 ratio. In other words, the population generated by this cross was fully dioecious, with sex determined by an effective XY system (and the chromosomes harbouring the wip1 and WIP1 alleles acting as the X and Y chromosomes, respectively). Importantly, the dioecious population artificially created by Boualem et al.
[11] ended up having a single locus sex-determination system, because only one locus was segregating for different alleles (the WIP1 locus). This is not the two-locus model invoked by models for the evolution of dioecy from hermaphroditism [7] .
The fundamental difference between the scheme proposed by Boualem et al.
[11] and the two-locus model for dioecy [7] is that the former invokes epistasis between two (or more loci), whereas the latter assumes independent gene action at male-and female-sterility loci. This is important, and potentially very revealing. It indicates that dioecy could evolve from functional hermaphroditism through the invasion into the population of a single mutation altering expression of a single gene acting upstream of a network of interacting developmental genes, such as the one discovered by Boualem et al. [11] , and such as those that have been deciphered for sex determination in animal systems, e.g., SRY and DMRT1, which are necessary for male development in metazoans (reviewed in [13] ).
Recent work on the evolution of sex determination and sex chromosomes in plants has revealed patterns and processes that are strikingly similar to those known in animal systems (reviewed in [14] ), including the suppression of recombination [15] , the degeneration of Y chromosomes (or W chromosomes in ZW systems; e.g., [16] ), and the evolution of the modification of gene expression on sex chromosomes to compensate for gene loss on one of the chromosomes ('dosage compensation') [17, 18] . The study by Boualem et al. [11] now shows that, just as in animals, plant sex determination could involve a single locus of sex determination as the switch gene for a complex network of interacting genes that influence each other's expression. It will be interesting to discover what triggers sex determination in dioecious species related to the melons and cucumbers studied by Boualem et al., to see whether the same genes are involved downstream, and to understand what evolutionary path was followed to get there. [11] to be responsible for the development of male or female flowers in monoecious melons.
Black and grey text and symbols indicate genes and functions switched on and off, respectively. The 'flat-ended' arrows indicate suppression of activity. As detailed in the text, the model invokes three interacting loci, with gene ASC11 suppressing the carpel suppressor WIP1, and WIP1 also suppressing the stamen suppressor ACS-7, allowing flowers to develop carpels and to be fully female; expression of WIP1 thus both prevents the production of carpels and suppresses ACS-7, allowing flowers to develop stamens and thus to be fully male. The suppressers at all three loci show dominant expression. In the absence of an expressed functional allele at ACS11 (e.g., in acs11/asc11 homozygotes), WIP1 is always turned on and will result in the production of only male flowers, whereas, in the absence of a functional ACS11, wip1/wip1 homozygotes would only produce female flowers. In monoecious individuals, an upstream regulatory cue (perhaps a hormone) turns ASC11 on or off in different parts of the plant. In hypothetical dioecious populations, one could imagine alleles expressed at a single trans-acting locus acting to turn ASC11 on or off.
The first comparison of parasitic trypanosomatids to their free-living relatives reveals that some characteristics once linked to parasitism actually predate it. Parallel comparisons of other parasites suggest we need to rethink the drivers and consequences of the parasitic lifestyle.
Evolution works in mysterious ways, and one problem that biologists must confront is the difficulty in establishing causality. Understanding a biological transition means understanding not only what events took place, but also their order, and which events precipitated others. But we often predict order and causality by pure intuition; we observe characteristics in some organism or lineage that operate under a current set of conditions and then try to imagine a progression of events that gave rise to these characteristics. Often, however, we put the causal cart before the horse because we lack critical information, typically relating to the nature of the ancestral and intermediate states in this transition. Parasites abound with specialized characteristics associated with disease, and these are commonly interpreted as adaptations to the parasitic lifestyle. This may be true, but it may also be a reflection of our tendency to associate current specialization with the immediate biological context, and not with the context in which it first arose. Two alternative ways to interpret the characteristics of parasites and how they relate to the origin of parasitism. On the top, a characteristic evolves as an adaptation to the existence of a parasitic interaction. On the bottom, the characteristic evolves in a free-living organism, but its existence makes the transition to parasitic life more likely, so it preconditions the lineage to a parasitic transition.
